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(54) Method and apparatus for measuring a low power signal 



(57) When low intensity light (4) is incident upon a 
photodiode (2), the output from the photodlode (2) is 
coupled to an integrator fonned by an operational am- 
plifier (7), a capacitor (8) and a FET coupled in parallel 
in a feedback path between an output (9) of the opera- 
tional amplifier (7) and its negative Input (5). The output 
(9) of the operational amplifier (7) is coupled to an Input 
of an A/D converter (21), whose output is coupled to a 
microprocessor (22). whose output Is coupled to a filter 
(23). A second output of the microprocessor (22) is cou- 



pled to a gate electrode of FET 1 0 to provide a reset 
signal to the FET 10 to reset the integrator. The micro- 
processor (22) compares the digital samples of the in- 
tegrated signal from the A/D converter and, firstly, gen- 
erates the reset signal If a sample is beyond a set limit, 
and, secondly, calculates delta values between adja- 
cent samples and interpolates the delta values for the 
reset periods so as to provide a continuous data stream 
which can be filtered by a filter matched to the fomn of 
the original signal. 
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Description 

Field of tlie Invention 

[0001] This invention relates, in general, to a method 
and apparatus for measuring a low power signal, and 
more particularly to a method and apparatus for meas- 
uring a low power signal based on a low light signal, for 
example a low light signal from a photo diode. 

Background of the Invention 

[0002] In many systems, a light receiving device, such 
as a photo diode, photo avalanche diode or photomul- 
tipliertube, emits an electric signal based on the amount 
of light (number of light photons) Incident on a light sen- 
sitive portion of the light receiving device. In order to 
then provide a useful signal providing an indication of 
the amount of light incident on the device, the electric 
signal from the device is integrated over predetermined 
time periods, filtered, converted to a digital signal and 
then suitably processed. 

[0003] One known way of carrying out this processing 
is known from US Patent No. 5,959,291 (Jensen) in 
which a photodiode is coupled across positive and neg- 
ative input terminals of an operational amplifier, the pos- 
itive input terminal of the operational amplifier being 
coupled to ground and a capacitor and a field effect tran- 
sistor being coupled, in paraiiel, between the negative 
input terminal and the output of the operational amplifier, 
the gate of the transistor serving as a reset signal. The 
output of the operational amplifier is coupled to the input 
of a low-pass filter, whose output is coupled to an input 
of an analog-to-digital (A/D) converter. A microproces- 
sor receives as input the digitised output of the a/d con- 
verter. 

[0004] The above circuit operates by receiving and in- 
tegrating a signal from the photo diode and then reset- 
ting the integrator The circuit then filters out the higher 
frequencies in the integrated signal, and converts the 
analog filtered integrated signal to digital samples. Fi- 
nally, the circuit calculates an integration slope for the 
photo diode signal by fitting a curve to the digital sam- 
ples. With the calculated slopes, the circuit is better able 
to determine the original noiseless signal from the photo 
diode. The circuit takes many readings per Integration 
period (which is of fixed predetermined length) and uses 
sophisticated curve-calculation methods, such as, for 
example, least-squares curve fitting, to generate the 
per-period calculated slopes. 

[0005] Disadvantages of the above circuit are that, for 
high light intensities, the signal Is saturated before the 
predetermined integration time is over and the detector 
skips the signal after saturation until the next reset. On 
the other hand, for low light intensities, the reset may 
occur more frequently than necessary so that the whole 
dynamic range of the A/D converter is not used. Further- 
more, every reset is a dIsturtDance whteh needs valuable 
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measurement time to settle until the system is stable 
again (This may take as much as 10% of the time). 
[0006] It is therefore an object of the present invention 
to provide a method and apparatus for measuring a low 
5 power signal for example from a photo diode, which 
overcomes, or at least reduces the disadvantages of the 
known method described above. 

Brief Summary of the Invention 

[0007] Accordingly, in a first aspect, the present in- 
vention provides a method of measuring a low power 
signal, comprising the steps of: 

receiving a low power signal from a signal source; 
integrating the received tow power signal over con- 
trollable integration periods to provide an integra- 
tion signal; 

sampling Ihe integration signal at a frequency sub- 
stantially higher than a frequency of the integration 
periods to provide digital samples of the integration 
signal; 

determining differences between digital samples to 
provide a stream of delta values: and 
filtering the stream of delta values to provide a fil- 
tered signal substantially 
matching the received low power signal. 

[0008] In a preferred embodiment of the invention, the 
method further comprises the step of interpolating the 
delta values between integration periods so that the 
stream of delta values is continuous. 
[0009] Preferably the digital samples are compared 
to a predetermined value and the integration period is 
reset if a digital sample has a value which is not within 
the predetemiined value. 

[0010] In a second aspect, the invention provides an 
apparatus for measuring a low power signal, compris- 
ing: 

an input terminal for receiving a low power signal 
from a signal source; 

an integrator coupled to the input terminal and hav- 
ing an output for providing an integration signal 
formed by integrating the received low power signal 
over controllable Integration periods; 
a digitiser coupled to an output of the integrator for 
sampling the integration signal at a frequency sub- 
stantially higher than a frequency of the integration 
periods to provide digital samples of the integration 
signal at an output; 

a processing means having an input coupled to the 
output of the digitiser for determining differences 
between digital samples to provide a stream of delta 
values at an output; and 

a filter having an input coupled to the output of the 
comparator for filtering the stream of delta values 
to provide a filtered signal substantially matching 
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the received low power signal at an output. 

[0011 J In a preferred embodinnent of the invention, the 
processing means includes interpolation means for in- 
terpolating the delta values between integration periods 
so that the stream of delta values is continuous. 
[0012] Preferably, processing means includes com- 
parison means for comparing the digital samples to a 
predetermined value and for providing a reset signal to 
the integrator for resetting the integration period if a dig- 
ital sample has a value which is not within the predeter- 
mined value. 

Brief Description of the Drawings 

[0013] An embodiment of the present invention will 
now be described, by way of example, with reference to 
the accompanying drawings, of which: 

FIG. 1 is a schematic drawing of a known circuit for 

measuring a low power signal; 

FIG. 2 is a schematic drawing of an apparatus for 

measuring a low power signal according to a first 

embodiment of the invention; 

FIG. 3 shows a set of schematic signal graphs for 

the circuit of FIG. 1 ; 

FIG. 4 shows a set of schematic signal graphs for 
the apparatus of FIG. 2; 

FIG. 5 shows a set of schematic signal graphs for 
the apparatus of FIG. 2 with a different fonm of light 
intensity distribution to that of FIG. 4; and 
FIG. 6 shows a schematic flow chart of the opera- 
tion of the apparatus of FIG. 2. 

Detailed Description joI the Drawings 

[0014] Thus, FIG. 1 shows a known circuit 1 for meas- 
uring a low power signal from a photodiode 2 when light 
of relatively low intensity (indicated by arrow 4) is inci- 
dent upon the photodiode 2. The photodiode 2 is cou- 
pled between a negative input 5 and a positive input 6 
of an operational amplifier 7. A capacitor 8 is coupled in 
a feedback path between an output 9 of the operational 
amplifier 7 and its negative input 5. A field effect tran- 
sistor (FET) 10 has Its source electrode coupled to the 
output 9 of the operational amplifier 7 and its drain elec- 
trode coupled to the negative input 5 of the operational 
amplifier 7, with its gate electrode serving to r^eive a 
reset signal to reset the operational amplifier 7. 
[0015] The output 9 of the operational amplifier 7 is 
coupled to an input of a low-pass filter 11 , whose output 
is, in turn, coupled to an input of an analog-to-digital con- 
verter (A/D) 1 2. An output of the A/D converter 1 2 is cou- 
pled to an input of a microprocessor 13, whose output 
provides an indication of the measured signal, and 
hence of the light incident on the photo diode 2. 
[0016] The operational amplifier 7 receives and inte- 
grates the signal from the photodiode 2 over an integra- 



tion period set by a reset signal received by the FET 1 0. 
The reset signal has a predetermined frequency so that 
the integration periods are constant. The low-pass filter 
1 1 then filters out the higher frequencies in the integrat- 
5 ed signal and the A/D converter 12 digitises the filtered 
integrated signal. Finally, the microprocessor 13 calcu- 
lates the integration slope for the photo diode signal by 
fitting a curve to the digitised samples, for example using 
a least-squares fit algorithm. 
10 [0017] In operation, and referring now to FIG. 3, the 
graph of FIG. 3(a) shows a plot of an output signal 30 
of the photo diode, which represents the light intensity 
incident on the photo diode over a period of time. In this 
case, there is a background light level 31 , whch sud- 
15 denly increases to a high level 32 when light is incident 
on the photo diode and then drops back down to the 
background level when the light Is no longer incident on 
the photo diode. The operational amplifier 7 receives 
and integrates the output signal from ihe photodiode 2 
20 over an integration period set by a reset signal received 
by the FET 1 0. As can be seen in FIG. 3(b), the opera- 
tional amplifier provides an integrated output signal 33 
which includes a short reset period. This takes place by 
charging the capacitor 8 to an initial charged level, which 
^5 is the upper level 34 shown in FIG. 3(b). When no light 
is incident on the photo diode, the capacitor slowly dis- 
charges through the operational amplifier, which is 
shown as shallow slope 35, until the reset signal is re- 
ceived by the FET and the capacitor is recharged back 
30 to the initial charged level 34. When the output signal 
from the photo diode is at the high level 32, the capacitor 
discharges more quickly through the operational ampli- 
fier so that the slope 36 is steeper. As before, when the 
reset signal is received by the FET, the capacitor is re- 
35 charged back to the initial charged level 34. The A/D 
converter 1 2 samples the integrated signal at a frequen- 
cy rate substantially higher than the integration period 
frequency and provides a stream of these samples to 
the microprocessor 13. 
40 [0018] The samples for an integration period are 
stored and then a slope that best fits the samples Is cal- 
culated during the reset periods. This is shown in FIG. 
3(c), where the calculated slopes are indicated by cross- 
es. In this case, while there is only background light in- 
45 cident on the photo diode, the shallow slopes 35 of the 
Integrated signal are constant, as shown by crosses 37. 
When the incident light reaches the high level 32 during 
an integration period, as shown in FIG. 3(b), the slope 
changes from shallow to steep during the period, so that 
50 the best fit slope for the period is an average of the two, 
as shown by cross 38 in FIG. 3(c). When the incident 
light is at the high level 32 for the whole of an integration 
period, the calculated slope for the period has a high 
value, as shown by cross 39 in FIG. 3(c). It will be ap- 
55 parent that timing and rate of change information is lost 
for the time when light incident on the photo diode 
changes. 

[0019] As mentioned above, in the above circuit the 
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signal is saturated before the predetermined integration 
time is over for high light intensities and the detector 
skips the signal after saturation until the next reset. On 
the other hand, for low light Intensities, the reset may 
occur more frequently than necessary so that the whole 
dynamic range of the A/D converter is not used. Further- 
more, every reset is a disturbance which needs valuable 
measurement time to settle until the system is stable 
again (this may take as much as 10% of the time). 
[0020] FIG. 2 shows an apparatus 20 according to a 
prefen-ed embodiment of the present invention. In the 
drawing, the same elements as shown in FIG. 1 are giv- 
en the same reference numerals. More particularly, light 
of relatively low intensity (indicated by arrow 4) is inci- 
dent upon the photodiode 2. The photodiode 2 is cou- 
pled between the negative input 5 and the positive input 
6 of the operational amplifier 7. Capacitor 8 is coupled 
in a feedback path between output 9 of the operational 
amplifier 7 and its negative input 5. Field effect transistor 
(FET) 1 0 has its source electrode coupled to the output 
9 of the operational amplifier 7 and its drain electrode 
coupled to the negative input 5 of the operational ampli- 
fier 7, with its gate electrode serving to receive a reset 
signal to reset the operational amplifier 7. 
[0021] However, according to the present embodi- 
ment of the invention, the output 9 of the operational 
amplifier 7 is coupled to an input of an analog-to-digital 
(A/D) converter 21 . An output of the A/D converter 21 is 
coupled to an input of a microprocessor 22, whose out- 
put is coupled to an input of a filter 23. A second output 
of the microprocessor 22 is coupled to the gate elec- 
trode of FET 1 0 to provide the reset signal to the FET 1 0. 
[0022] In operation, and referring now to FIG. 4, the 
graphs of FIGs. 4(a) and 4(b) are identical to those of 
FIGs. 3(a) and 3(b) and show the output signal 30 of the 
photo diode, which represents the light intensity incident 
on the photo diode over a period of time with a back- 
ground light level 31 and a high level 32 as well as the 
integrated output signal 33. As before, the AJD converter 
21 samples the integrated signal at a frequency rate 
substantially higher than the integration period frequen- 
cy and provides a stream of these samples to the mi- 
croprocessor 22. 

[0023] However, according to the present embodi- 
ment of the invention, instead of storing the samples for 
a complete Integration period and then calculating a 
best-fit curve (slope) to the samples, in this embodiment 
of the invention, delta values are calculated between 
each adjacent sample. A delta value is the difference 
between one sample and the next. A plot of the delta 
values is shown in FIG. 4(c), where, as can be seen, for 
each of the slopes 35 and 36, there is a different delta 
value 40 and 41 , respectively. It will be appreciated that 
the delta values 40 and 41 are each constant because 
slopes 35 and 36 are constant slopes, so that adjacent 
samples of the slopes have a constant difference. 
[0024] In order to provide a continuous stream of data 
samples to the filter 23. delta values are interpolated for 



the reset periods, shown as gaps in the delta value 
graph of FIG. 4(c). The interpolated delta value plot 42 
is shown in FIG. 4(d) where the gaps are filled in with 
interpolated values calculated by the microprocessor 22 

5 based on any suitable interpolation algorithm. In the 
present case a simple linear interpolation scheme is 
used. Such an estimation is generally acceptable if the 
number of estimated points is considerably lower 
(<10%) than the number of measured points. 

10 [0025] The continuous stream of data samples from 
microprocessor 22 is then passed to the filter 23, which 
can be a weighted filter that matches the form of the sig- 
nal, for example a Savitszki-Golay filter can be used 
where the signal has Gaussian peaks. The output of the 

15 filter 23 is shown in FIG. 4(e), where, as can be seen, 
the signal is a good representation of the original photo 
diode output signal 30. 

[0026] Although the above example shows the inte- 
gration period as a constant predetermined period, with 

20 the reset signal being applied at a constant frequency, 
as mentioned above, resetting the apparatus, even 
when the integrator has not reached saturation, simply 
disturbs the system unnecessarily. 
[0027] Therefore, according to the preferred embodi- 
es ment of the apparatus, and as illustrated in the flow chart 
60 of FIG. 6, the apparatus first receives the optical light 
signal at the photo diode and converts it (step 61) to an 
electrical current signal. The cun-ent signal is then inte- 
grated (step 62) the integrated signal is sampled by the 

30 A/D converter at a much higher frequency than the in- 
tegration period to provide a stream of digital data sam- 
ples (step 63). The microprocessor 22 then compares 
the samples from the A/D converter 21 to a predeter- 
mined value, which is stored in a memory (not shown) 

35 to which the microprocessor is coupled and generates 
the reset signal applied to the gate electrode of FET 10 
when a sample is found to be at or higher than the pre- 
detemnined value (step 64). In this way, the apparatus 
is not reset until the integrator approaches saturation so 

40 that, firstly, the apparatus Is not disturbed until neces- 
sary, and, secondly, at high light levels, the integration 
periods are short and the signal is "lost" only for the reset 
period itself, rather than for all the remaining integration 
period after the integrator has reached saturation, as in 

45 the prior art circuit with fixed Integration periods. 

[0028] The microprocessor 22 also calculates the dif- 
ferences between adjacent samples to produce delta 
values during the integration periods and also interpo- 
lates the delta values for the reset periods to produce a 

so continuous stream of delta values (step 65). The con- 
tinuous stream of delta values is then filtered by a Savit- 
szki-Golay filter to produce a reconstruction of the orig- 
inal signal (step 66). 

[0029] This can be seen in FIG. 5. FIG. 5(a) is a graph 
55 showing an output signal 50 of the photo diode, with a 
background light level 51 , a medium level 52, and a high 
level 53. FIG. 5(b) shows the integrated signal 54, with 
dynamically set reset periods. As shown, while only 
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background light is present, the integration period is al- Claims 
lowed to continue, so that the integrated signal contin- 
ues with a long shallow slope 55, until the operational 
amplifier is nearly saturated before the microprocessor 
generates the reset signal and the capacitor is re- 5 
charged. In this case, the reset is coincident with an in- 
crease in the light level to the medium level. As can be 
seen, following the reset period during which the inte- 
grated signal is constant at the charged level 56, the 
integrated signal then falls with a steeper slope 57 and ?o 
is then reset for a further period during which it again 
falls with the same slope indicating that the incident light 
remains at the medium level 52. Finally, as the light level 
increase to the high level 53, the slope of the integration 
signal increases to a very steep slope 58. with corre- 
spondingly shorter integration periods. 
[0030] The delta values between the digitised sam- 
ples of the Integration signal 54 are shown in FIG. 5(c), 
where delta values 58, 59 and 60 corresponding to in- 
tegration signal slopes 55, 56 and 57, respectively. As 
before, the gaps in the delta values due to the reset pe- 
riods are then interpolated by the microprocessor to pro- 
vide a continuous stream of data samples, shown as the 
interpolated signal 61 in FIG. 5(d), which arc then fil- 
tered by the filter to provide a filtered representation 62 
of the original signal 50. 

[0031] Thus, the embodiment of the invention de- 
scribed above provides a dynamic reset which depends 3. 
only on signal level and not on a fixed time, and achiev- 
ing a continuous stream of equidistant data by interpo- 
lating the delta values for the reset periods so that a 
weighted filter can be used. The advantages of a dy- 
namic reset are that at high light levels the time inten^als 
between the resets are short and the signal is lost only 
during the reset period itself, whereas at low light levels 
the reset occurs only if the integrator is about to go into 
saturation and this means that there is factor of about 
20 fewer reset cycles at typical low light intensities. 
[0032] By having an equidistant continuous stream of 
data under all light conditions, any suitable filter can be 
used and a fixed time period for the measurement can 
be avoided. Thus, the filter firmware can be optimised 
tor a wide range of frequency behaviour of the signal 
without changing the hardware. Furthermore, by sam- 
pling during the whole slope, instead of resetting after 
every point as in a standard A/D converter, rounding er- 
rors introduced by digitising the signal are compensated 
with the following values because the integrating capac- 
itor accumulates charge without rounding errors. Finally, 
the output data rate of the system becomes independent 
of the reset frequency so that at high light levels the sys- 
tem is not "blind" for a considerable percentage of the 
cycle time. 

[0033] Whilst only one particular embodiment of the 
invention has been described above, it will be appreci- 55 
ated that a person skilled in the art can make modifica- 
tions and Improvements without departing from the 
scope of the present invention. 
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A method of measuring a low power signal, com- 
prising the steps of: 

receiving (61 ) a low power signal from a signal 

source; 

integrating (62) the received low power signal 
over controllable integration periods to provide 
an integration signal; 

sampling (63) the integration signal at a fre- 
quency substantially higher than a frequency of 
the integration periods to provide digital sam- 
ples of the integration signal; 
determining (65) differences between digital 
samples to provide a stream of delta values; 
and 

filtering (66) the stream of delta values to pro- 
vide a filtered signal subslanlially matching the 
received low power signal. 

A method of measuring a low power signal accord- 
ing to claim 1 , further comprising the step of inter- 
polating (65) the delta values between integration 
periods so that the stream of delta values is contin- 
uous. 

A method of measuring a low power signal accord- 
ing to either claim 1 or claim 2, further comprising 
the step of comparing (64) the digital samples to a 
predetermined value and resetting the integration 
period if a digital sample has a value which is not 
within the predetermined value. 

An apparatus for measuring a low power signal, 
comprising: 

an input terminal (5) for receiving a low power 
signal from a signal source (2); 
an integrator (7, 8, 10) coupled to the input ter- 
minal (5) and having an output (9) for providing 
an integration signal fomned by integrating the 
received low power signal over controllable in- 
tegration periods; 

a digitiser (21) coupled to the output (9) of the 
Integrator (7, 8, 10) for sampling the integration 
signal at a frequency substantially higher than 
a frequency of the integration periods to pro- 
vide digital samples of the integration signal at 
an output; 

a processing means (22) having an input cou- 
pled to the output of the digitiser for determining 
differences between digital samples to provide 
a stream of delta values at an output; and 
a filter (23) having an input coupled to the out- 
put of the processing means (22) for filtering the 
stream of delta values to provide a filtered sig- 
nal substantially matching the received low 
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power signal a1 an output. 

5. An apparatus for nneasuhng a low power signal ac- 
cording to claim 4, wherein the processing means 

(22) includes interpolation means for interpolating 5 
the delta values between integration periods so that 
the stream of delta values is continuous. 

An apparatus for measuring a low power signal ac- 
cording to either claim 4 or claim 5, wherein the in- io 
tegrator (7, 8, 10) comprises an operational ampli- 
fier (7) having a first input coupled to the first termi- 
nal (5) and an output (9), a capacitor (8) coupled 
between the first input and the output (9) of the op- 
erational amplifier (7), and a transistor (1 0) having is 
current electrodes coupled between the first input 
and the output (9) of the operational amplifier (7) 
and a control electrode for receiving a reset signal 
for controlling the integration periods. 

20 

An apparatus for measuring a low power signal ac- 
cording to claim 6, wherein the transistor (10) is a 
Field Effect Transistor. 

8. An apparatus for measuring a low power signal ac- ^5 
cording to either claim 6 or claim 7, wherein the 
processing nneans (22) includes comparison means 

for comparing the digital samples to a predeter- 
mined value and for providing the reset signal for 
resetting the integration period if a digital sample 30 
has a value which Is not within the predetermined 
value. 

9. An apparatus for measuring a low power signal ac- 
cording to any one of claims 4 to 8, wherein the dig- 35 
Itiser (21) comprises an analog-to-digltal converter. 

10. An apparatus for measuring a low power signal ac- 
cording to any one of claims 4 to 9, wherein the filter 

(23) is matched to the form of the low power signal, "^o 

1 1 . An apparatus for measuring a low power signal ac- 
cording to claim 1 0, wherein the filter (23) is a Savit- 
szkl-Golay filter. 

45 
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